Sedation is an essential therapeutic strategy in the care of neurocritical patients. Intravenous sedative agents are the most widely used, with promising alternatives (dexmedetomidine, ketamine, and volatile agents) to propofol and midazolam arising. Studies designed to evaluate superiority and avoid biases are required. A neurological awakening test is safe in most patients. Potential risks and benefits of limiting deep sedation and daily interruption of sedation in these patients remain unclear. The aim of this review was to report recent clinical evidence on sedation in this subgroup of patients, focusing on its effects on clinical prognosis.
Introduction
Sedation in the neurointensive care unit (NICU) is a key element of the therapeutic strategy. 1 In patients with acute brain injury (ABI), it not only limits the stress response to critical illness, provides anxiolysis, and improves patient-ventilator synchrony, but it also helps control intracranial pressure (ICP), reduces the cerebral metabolic rate, and suppresses seizures. 2, 3 In the general intensive care unit (ICU), recent emphasis on early weaning from mechanical ventilation and reducing ventilator-associated pneumonia has forwarded the introduction of guidelines focusing on reducing mechanical ventilation duration and ICU length of stay (LOS), while ensuring comfort and preventing further neurological damage. 4 In this respect, the American Society of Critical Care Medicine published recently a summary on the use of sedatives in the ICU. 5 Light over deep sedation and non-benzodiazepine sedatives over benzodiazepines were recommended, but sedation in patients with ABI was not specifically addressed.
In the NICU, the cerebral effects of sedation have encouraged its use as a primary rather than adjuvant form of treatment. 6 In fact, a study that extracted and combined data from two large, randomized, pharmacologic clinical trials on tirilazad in patients with traumatic brain injury (TBI) found that over 90% of them had received sedation. 7 However, little information is available on analgesia, sedation, and delirium in the NICU, and publications addressing outcomes and pharmacologic treatment responses lack consistency and/or scientific rigor. 8 Hence, clinical practice varies depending on institutional and national protocols, as well as on individual patients' response to sedation, which differs between patients and over time. It is also this lack of evidence that prevents the generation of established recommendations on sedation specifically addressed to patients with ABI.
The aim of this review was to report the available clinical evidence regarding sedation in neurocritical care setting.
Intravenous Sedative Agents
No single intravenous sedative agent has shown superiority over others, an improvement in prognosis, or a decrease in mortality. Few studies include washout periods between the administration of different sedative agents, making them susceptible to confounding effects and hampering the independent evaluation of each agent.
Propofol is the most commonly used intravenous sedative agent. 9 Other agents are frequently compared with it to assess their applicability in the NICU and potential benefits over propofol. It helps keep ICP low and does not affect cerebral microdialysate composition. [10] [11] [12] Propofol-induced hypotension; however, is not rare. 10 The neuroprotective properties attributed to it in animal and invitro studies have not been confirmed in clinical trials. 10, 13 Propofol is one of the preferred intravenous sedative agents. Its short duration of action ensures a relatively rapid cessation of its effects after interrupting its infusion. Propofol-based sedation allows to accomplish neurological wakeup test (NWT) and weaning from mechanical ventilation in shorter time span than benzodiazepines-based sedation. 14 These features, added to its good ICP control, make it the recommended sedative agent in the latest TBI management Brain Trauma Foundation guidelines. 15 However, despite multiple efforts, its putative neuroprotective properties remain unproven. 10, 12, 13 Propofol-related infusion syndrome (PRIS) is a rare but often lethal complication of the commonly used propofol. It is mostly associated with high doses and long-term infusion of propofol (90% of the described cases in the literature were ICU patients). The syndrome was first described in children who received the drug in high doses over a prolonged time (average infusion rates, 7.5-10 mg/kg/h; total infusion time, 66-115 hours), and guidelines were subsequently adapted with restrictions in the application of propofol in children. 16 Later reports described the occurrence of PRIS also in adults and demonstrated an enormous variety of clinical presentations. 17 It was observed both in patients receiving the drug for only short term and in low doses 18, 19 as well as in longterm sedation of critically ill patients. 20 The most common risk group for the development of PRIS are young, critically ill patients after neurosurgery on vasopressors with application of propofol with a mean dose of ≥ 4-5 mg/kg/h over more than 48-hour duration. 20 Midazolam, the other first-line sedative agent in neurocritical patients, is preferred over propofol in hemodynamically unstable patients. 12, 13 Midazolam offers a better hemodynamic profile than propofol with similar effects on neurophysiological parameters and metabolism markers. 12, 13 Its high liposolubility makes it more susceptible to tissue accumulation, confounding neurological examinations or hindering weaning from mechanical ventilation. Given the known anticonvulsant properties of midazolam, its association with spreading depolarization clusters is striking and should be confirmed, as well as the physiopathological mechanism behind it. 21 During continuous infusion, tachyphylaxis may necessitate progressively higher doses. 22 At doses used in status epilepticus stage 2-3, it causes respiratory depression, requiring intubation for the duration of therapy. 22 Other benzodiazepines such as lorazepam are sometimes used, but their longer half-lives discourage their use in neurocritical patients. 5 A promising alternative is dexmedetomidine, a central α 2adrenergic agonist with a short half-life that does not produce respiratory depression. Neuroprotective properties have been attributed to it, and one publication found an improvement in cognitive scores when compared with propofol. 23, 24 However, no evidence has been found for the purported lessened disturbance of neurophysiological parameters or improved outcome using dexmedetomidine under standard doses. 9, 25 No brain ischemia is to be expected under this drug if mean arterial pressure (MAP) is maintained. 11, 26 Dexmedetomidine does not have to be interrupted for neurological examinations. Its effects on neurophysiological parameters were not significantly different compared with other agents in discontinuous infusion. 9 Low (0.01-0.2 µg/kg/h) but not standard doses (> 0.2 µg/kg/h) of this drug were associated with a favorable outcome in comparison with propofol and midazolam. 25 Main side effects of dexmedetomidine are hemodynamic changes (hypotension, bradycardia), but significant changes in cerebral blood supply can be prevented by maintaining MAP at baseline levels with vasopressors. 11, 25, 26 Another alternative is ketamine, an N-methyl-d-aspartate receptor antagonist that causes neither respiratory depression nor hemodynamic alterations. It is being recently reintroduced into the NICU for its short and rapid sedative effects.
After several studies ruling out an increased risk of ICP elevation, including a meta-analysis, ketamine has regained increasing interest due to its influence on neural synapses. 27 The encouraging results of its effects on spreading depolarization frequency, supported by in vitro studies, call for larger, confirmatory studies investigating its potential prognostic improvement in the neurocritical patient using analyses adjusted for prognostic factors. 21, 28 Ketamine can be used to reduce spreading depolarization frequency, though no concomitant improvement in prognosis has been proven. 21 Barbiturates, due to their many side effects, are currently restricted to the treatment of refractory intracranial hypertension 15 and status epilepticus. 29 Finally, a single study evaluated low-dose thiopental against propofol. 30 Due to the scarcity of data (patient characteristics, methods of measuring variables, protocol details, co-interventions), an unexplained age inclusion criterion (15-45 years), and grammatical and syntactic deficiencies that impaired understanding, its results were deemed as unreliable.
Opioids are commonly used in the ICU for analgesia, and the accumulation of opioid agents may cause respiratory depression, thus leading to prolongation of time to weaning and extubation. 31 Studies have found the most frequently used opioids to be fentanyl (30-35%), morphine (15-33%), and sufentanil (25-40%), the specific proportions of which differ in the results of different surveys, with remifentanil being less commonly used (10%). 32 However, the use of opioids may not be ideal in mechanically ventilated critically ill patients. Remifentanil has a highly predictable onset and offset effect (neurological evaluation), a terminal half-life of approximately 10 to 20 minutes, and a context-sensitive half-life of 3 to 4 minutes. The unique pharmacokinetics of remifentanil may lead to reductions in time to weaning and extubation and, accordingly, may be associated with reductions in mechanical ventilation time, length of ICU stay ( ICU-LOS), and costs. 31 In line with previous findings, no intravenous sedative agent has shown superiority over others, a prognostic improvement, or a decrease in mortality. 33 The results of our review highlight the need for studies designed to evaluate superiority and potential improvements in outcome.
Volatile Anesthetics
Inhalation anesthetic agents have in the past decade become available in the NICU through the use of a miniature vaporizer, the Anesthetic Conserving Device, AnaConDa (Sedana Medical AB, Sweden), which can be connected to any regular ICU ventilator. 34 Their use has yielded some promising results in the general ICU, 35, 36 and some animal and invitro studies 37, 38 suggest that volatile anesthetic agents might have neuroprotective properties. The increase in cerebral blood flow (CBF) and reduction in cerebral metabolic rate make them an attractive alternative for patients with ABI. However, it remains unclear whether inhaled anesthetics are safe in these patients.
The available studies with isoflurane 39,40 support the feasibility of using it as a sedative agent in the NICU. ICP remained stable, and the isoflurane-induced CBF redistribution could be particularly beneficial in cases of subarachnoid hemorrhage, as there is a high risk of CBF alterations ( vasospasm) that worsen prognosis.
The studies with sevoflurane 41-43 also support its potential use in the NICU, despite some discrepancies in cerebral perfusion pressure (CPP) that could be explained by differences in patient management protocols.
There is thus evidence for a lack of increase in ICP under volatile agents in most patients. Nevertheless, given the small sample sizes and short time under these drugs, it seems wise to restrict their use as sedatives to neurocritical patients with preserved CBF autoregulation (assessable with near-infrared spectroscopy), 44 who can accept moderate increases in CBF without ICP elevation.
Monitoring of Sedation in the Neurointensive Care Unit
Conventional validated sedation scoring tools for critical care, such as the Richmond Agitation Sedation Scale and the Sedation-Agitation Scale, may be reasonable to use in patients with ABI. 45 However, in deeply sedated patients or in those treated with neuromuscular blocking agents, the role of electroencephalogram (EEG) to monitor sedation has been a topic of clinical investigation. Simplified EEG tools providing quantitative bispectral index (BIS) monitoring showed that BIS values significantly correlated with Richmond Agitation Sedation Scale and Sedation-Agitation Scale scores in patients with ABI. 46 In another study, the BIS reliably assessed sedation levels during continuous propofol infusion in patients with TBI. 47 Use of BIS in the NICU was limited by the reliability of these techniques (muscle artefacts, shivering) in the particular environment of the ICU. Also, the BIS was initially developed for monitoring the depth of general anesthesia in patients without brain pathology. ABI may influence the BIS algorithm because of EEG changes related to the pathology itself rather than to the sedative state. Whether new EEG techniques will allow better sedation monitoring in the NICU needs further investigation.
Neurointensive Care Unit Sedation Practice
Excluding sedation, most NICU therapeutic measures have been studied hitherto only in low-level evidence trials. Some have provided preliminary evidence to identify the practices that potentially improve prognosis, to be investigated in studies with greater scientific rigor. 48 For example, tracheostomy has been associated with faster weaning from mechanical ventilation and reduction in LOS. 49 Pressure in the ICU to minimize sedation depth and duration to decrease delirium and cognitive impairment has sparked trials of similar protocols in the NICU. 50 However, until data on neurophysiological and outcome variables are provided, no solid conclusions on the applicability of such protocols can be extracted. Deep sedation was only involved in one publication, 51 without adjustment for prognostic factors or other studies confirming their results. There is currently insufficient evidence supporting its use over moderate or mild sedation.
The use of sedative agents for therapeutic effects other than sedation has also been studied. Sedation remains a nonsuperior therapeutic option in episodes of compromised PbtO 2 , which have been associated with increased mortality and worse prognosis. [52] [53] [54] It is likely that specific subgroups of patients benefit more than others from specific interventions. Future investigations defining which patients benefit most from sedation will enable its use to correct PbtO 2 reductions in a more targeted manner. The search for tools to differentiate the effect of sedatives from neurological damage is highly desirable in clinical decision-making. So far, it has been headed toward reliable scales to evaluate the patient's state of consciousness, 45 though inherently subjective, and instruments that provide objective data, such as the BIS. 55 The possibility of using conventional EEG to assess consciousness in sedated neurocritical patients, and isolate the effect of sedation as a confounder, has been introduced. 56 Note that the international 10-20 electrode placement system was used. Neurocritical patients will frequently have traumatic or surgical wounds or monitoring catheters, preventing the application of so many scalp EEG electrodes. A system with fewer electrodes has been successfully used in patients with ABI, 1,57 but only for EEG seizure detection. There is yet no evidence that a conventional five-electrode EEG allows consciousness assessment in the neurocritical patient.
Neurological Wake-Up Test
Repeated neurological examinations aimed at detecting new neurological deficits are still the gold standard for neurocritical patient monitoring. 58 In sedated patients with ABI, they are called "NWT" and are performed after interruption of sedation (except with dexmedetomidine, which need not be discontinued). A recent narrative review discussed technical aspects of NWTs and their role in neurocritical care monitoring. 59 In the ICU, a meta-analysis failed to confirm the previously suggested association of daily interruption of sedation with reduced duration of mechanical ventilation and LOS or with improved outcome. 60 Thus, currently, daily interruption of sedation is not considered superior to protocol-guided sedation, but it is recommended in the absence of contraindications in all mechanically ventilated patients. 5, 61 An ICU nursing-implemented protocol of daily interruption of sedation was evaluated, with inconclusive results. 62 Note that such protocols do not include all the elements of the NWT and are not specifically aimed at detection of neurological worsening. Skoglund et al have provided most of the evidence currently available on NWT in the NICU. [63] [64] [65] Their findings regarding ICP and the NWT-triggered sympathetic stress response are supported by two other studies. 66, 67 In all five studies, the stress response, together with co-interventions (vasopressor support), is likely to be responsible for elevated CPP in the context of an increased ICP.
The tendency toward metabolic distress in the failed-NWT group provides potential markers of NWT failure and neurological worsening, namely increased lactate-pyruvate ratio and lower glucose concentration in microdialysate. 66 Notably, the NWT led to a change in the therapeutic approach of only 1 patient out of 20 participants. 66 The findings of one study group suggest that NTWs may have prognostic value. 67 Altogether, these data confirm that NWTs can be carried out safely in many, but not in all, neurocritical patients. [63] [64] [65] [66] [67] Its benefits are yet unclear. This hinders the implementation of NWTs in many NICUs. 68 Future studies should define which subgroup of patients might benefit from NWTs and in which the risks outweigh the potential benefits.
Conclusion
Whereas most studies consider intravenous sedatives, specifically propofol, midazolam, dexmedetomidine, and ketamine, widespread confounding factors (co-interventions, consecutive or simultaneous administration of sedatives, etc.) preclude superiority assessment. Inhaled sedative agents (isoflurane, sevoflurane), administered using the AnaConDa system, do not produce a clinically significant rise in ICP, but neither are a superior alternative to intravenous agents. There is no evidence that any particular sedative agent is superior or valid for all neurocritical patients or for all pathologies. Further studies are required to define which subgroup of neurocritical patients might benefit from NWT, and its potential prognostic value, as the possible ICP elevation during the NWT, may be harmful. Large-scale studies, designed to avoid confounding (especially regarding co-interventions) and evaluate superiority, are required.
